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We report on the result of angle-resolved photoemission (ARPES) study of La2-a;Sra;Cu04 (LSCO) 
from an optimally doped superconductor {x = 0.15) to an antiferromagnetic insulator (a; = 0). Near 
the superconductor-insulator transition (SIT) x ~ 0.05, spectral weight is transferred with hole 
doping between two coexisting components, suggesting a microscopic inhomogeneity of the doped- 
hole distribution. For the underdoped LSCO {x < 0.12), the dispersive band crossing the Fermi level 
becomes invisible in the (0, 0)— (tt, tt) direction unlike Bi2Sr2CaCu2 08+i/. These observations may be 
reconciled with the evolution of holes in the insulator into fluctuating stripes in the superconductor. 

PACS numbers: 74.25. Jb, 71.30. +h, 74.72.Dn, 79.60.-i, 74.62.Dh 



The key issue to clarify the nature of high-temperature 
superconductivity in the cuprates is how the electronic 
structure evolves from the antiferromagnetic insula- 
tor (AFI) to the superconductor (SC) with hole dop- 
ing. For the hole-doped Cu02 planes in the super- 
conductors, band dispersions and Fermi surfaces have 
been extensively studied by angle-resolved photoemission 
spectroscopy (ARPES) primarily on Bi2Sr2CaCu208+!; 
(BSCCOJi^H. Also for the undoped AFI„hand disper- 
sions have been observed for Sr2Cu02Cl2EH3. However, 
the band structures of the AFI and the SC are distinctly 
different and ARPES data have been lacking around the 
boundary between the AFI and the SC. In order to re- 
veal the missing link, the present ARPES study has been 
performed on La2_2;Srj;Cu04 (LSCO), which covers con- 
tinuously from the SC to the AFI in a single system. 

In addition, the family of LSCO systems show a sup- 
pression of Tc at a hole concentration 5 ~ 1/8, while the 
BSCCO system does not. As the origin of the anomaly 
at (5 ~ 1/8, the instability towards the spin-charge order 
in a stripe form has been extensively discussed on the 
basis of the incojiupensurate peaks in inelastic neutron 
scattering (INS)lI~EI. Comparing the ARPES spectra of 
LSCO and BSCCO will help us to clarify the impact of 
the stripe fluctuations. 

In the present paper, we discuss the novel observa- 
tion of two spectral components coexisting around the 
SIT {x ~ 0.05), the unusual disappearance of the Fermi 
surfapjC near (7r/2,7r/2) in the underdoped LSCO {x < 
0.12)q, and their relevance to the stripe fluctuations. 

The ARPES measurements were carried out at beam- 
line 5-3 of Stanford Synchrotron Radiation Laboratory 
(SSRL). Incident photons had an energy of 29 eV and 
were linearly polarized. The total energy resolution was 
approximately 45 meV and the angular resolution was 
±1 degree. Single crystals of LSCO were grown by the 



traveling-solvent floating-zone method and then annealed 
so that the oxygen content became stoichiometric. The 
accuracy of the hole concentration 6 was ±0.01. The 
a; = O samples were slightly hole doped by excess oxygen 
so that S ~ 0.005--was deduced from its Neel tempera- 
ture Tff — 220 Kt2l. The spectrometer was kept in an 
ultra high vacuum better than 5 x 10~^^ Torr during 
the measurements. The samples were cleaved in situ by 
hitting a post glued on the top of the samples. The mea- 
surements were done only at low temperatures (T ~ 11 
K), because the surfaces degraded rapidly at higher tem- 
peratures. Throughout the paper, the spectral intensity 
for different angles are normalized to the intensity of the 
incident light. In the analysis, the spectrum at (0,0) is 
assumed to represent the angle-independent background, 
because emission from the states of d^2_y2 symmetry is 
not allowed for the direction normal to the Cu02 plane 
due to a selection rule. Indeed, Figs. |l| and || show that 
spectra in the vicinity of the Fermi level (Ep) are angle- 
independent, when there are no dispersive features. 

ARPES spectra along (0, 0) -^ (tt, 0) -^ (tt, tt) clearly 
shows angle dependence as shown in Fig. ||. Even though 
spectral features jare-^hroad for underdoped and heavily 
undoped cupratesuoElij, the dispersive component emerg- 
ing around k = (tt, 0) is sufficiently strong compared to 
the angle-independent background. Figure g shows the 
doping dependence ai the ARPES spectrum at (tt, 0). As 
reported previouslyQ, a relatively sharp peak is present 
just below Ep for the optimally doped sample {x = 0.15). 
For the underdoped samples {x = 0.12,0.10 and 0.07), 
the peak is broadened and shifted downwards. When the 
hole concentration is further decreased to the vicinity of 
the SIT {x — 0.05), the peak near Ep rapidly loses its in- 
tensity and concomitantly another broad feature appears 
around —0.55 eV. In the AFI phase {x = 0), the peak 
near Ep disappears entirely while the structure around 
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FIG. 1. ARPES spectra of La2-a;Sr:rCu04 (LSCO) for a: = 0, 0.03, 0.05 and 0.07, taken along (0, 0) -^ (tt, 0) (upper panels) 
and (7r,0) — > (7!",7r) (lower panels). The dispersive component emerging around k = (vr, 0) is sufficiently stroiig compared to 
the angle-independent background. Inset shows the Brillouin zone and the Fermi surface of underdoped LSCOu. 



~ —0.55 eV becomes predominant. As for LSCO, Fig. g 
is different from the scenario that a single peak is shifted 
downwards and continuously evolves from the SC into the 
AFI as seen in BSCCO and CazCuOzClzB, and rather 
indicates that the spectral weight is transferred between 
the two features originated from the SC and the AFI, 
and 

On the other hand, ARPES spectra in the (0,0)-(7r,7r) 
direction show a different doping dependence. The spec- 
tra for representative doping levels are shown in Fig. y. 
For the optimally doped sample {x — 0.15), one can iden- 
tify a band crossing Ep around (0.47r,0.47r), although the 
dispersive feature is considerably weak. For the under- 
doped samples (x = 0.12, 0.10 and 0.07), the band cross- 
ing Ep disappears, even though the system is still super- 
conducting. The invisible band crossing along (0,0)-(7r,7r) 
is reproduced for several samples for 0.07 < x < 0.12, 
excluding accidentally inferior surfaces as its origin. For 
the insulating sample {x = 0.03 and 0), a broad feature 
appears around ~ —0.45 eV near (7r/2,7r/2), correlated 
with the growth of the broad structure around '^ —0.55 
eV at (7r,0). 

Overall dispersions of the spectral features have been 
derived from the ARPES spectra by taking second deriva- 
tives as shown in Fig. |[ The band near Ep for x — 0.05, 
0.07, 0.10 and 0.12 has a dispersion similar to that for 
X = 0.15 around (7r,0): when one goes as (0,0) — ^ 
(tt, 0)— >(7r,7r), the band approaches Ep until ~(0.87r,0), 
stays there until (7r,0), then further approaches Ep and 
goes above Ep through the superconducting gap around 



~(7r,7r/4). The band seen near Ep should be responsi- 
ble for the superconductivity. On the other hand, the 
dispersions of the broad feature seen around —0.5 eV 
are almost the same among x = 0, 0.03 and 0.05 and 
similar to the band -dispersion of the updoped Cu02 
plane in SrsCuOaClaffl and PrBasCugOTB. Along the 
(0, 0)— >(7r, tt) cut, the broad peak moves upwards, reaches 
a band maximum (^ —0.45 eV) around {tt/2,tt/2) and 
then disappears. The broad peak emerges in going from 
(0, 0) to (tt, 0) and then disappears between (0, 0) and 
(tTjTt). Therefore, the band around —0.5 eV originates 
from the lower Hubbard band (LHB) of the AFL 

In Fig. 0(a), the dispersive components of the ARPES 
spectra are compared between (7r,0) and '--^(7r/2,7r/2). 
Around the SIT {x '^ 0.05), the two spectral features 
coexist at (7r,0), while only one broad peak is observed 
at ~(7r/2,7r/2). This excludes extrinsic origins for the 
two structures such as a partial charge-up of the sample. 
Figure ||(b) demonstrates that the spectral lineshape at 
(tTjO) and the relative intensity of two structures are quite 
systematically evolves with hole doping, indicating that 
surfaces of good quality were consistently obtained for all 
the doping levels. The spectral weight transfer is reminis- 
cent of earlier discussion based, on angle-integrated data 
of LSCO and Nd2-a;Cea;Cu04li3. A possible origin for the 
coexistence of the two spectral features is a phase separa- 
tion into hole-poor antiferromagnetic (AF) domains and 
hole-rich superconducting domains. The spectra around 
SIT may be regarded as a superposition of the spectra of 
the SC and the AFI, as illustrated in Fig. W (b). Indeed, 
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FIG. 2. Doping dependence of ARPES spectra at 
fc = (tTjO). The spectra have been normalized to the in- 
tensity of the valence-band peak at ~ —3 eV. Each thin 
dashed line denotes the spectrum at (0,0) representing the 
angle-independent background. The spectrum of a; = 0.05 
at the superconductor-insulator transition (SIT) point shows 
two spectral features associated with the antiferromagnetic 
insulator (AFI) and the superconductor (SC) at ~ —0.5 eV 
and ~ —0.1 eV, respectively. 
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FIG. 3. Doping dependence of ARPES spectra taken along 
(0,0)— ^(tTjTt). While a broad feature dispersing across Ep is 
identified for x — 0.15, the dispersive band is absent near Ep 
for X = 0.12 and 0.07, even though the system is supercon- 
ducting. For X — 0.03, a band appears at ~ —0.45 eV around 
(^/2,^/2). 



when holes are doped into La2Cu04+j, with excess oxy- 
gens, such a phase separation occursjpacroscopically as 
revealed by, e.g., neutron difFractionll^, but correspond- 
ing observation has never been reported for the Sr-doped 




(0,0)- 



-(;r,0)- 



(;r,;r) 



Momentum 



(0,0) 



FIG. 4. Band structure deduced from the ARPES spec- 
tra by taking the second derivatives after subtracting the an- 
gle-independent background. For x = 0.05, while the band 
around —0.1 eV originates from the band in the underdoped 
superconductor {x — 0.12, 0.10 and 0.07), the band around 
—0.5 eV appears to originate from the lower Hubbard band 
in the antiferromagnetic insulator {x — 0). 



LSCO system. A more likely interpretation is a micro- 
scopic inhomogeneity of the hole density in the sense that 
the doped holes are segregated in boundaries of AF do- 
mains-on the scale of se]*e|ral atomic distances. Indeed, 
/i+SFtllj and ^^^La NQRli3 experiments have shown the 
presence of a local magnetic field in the so-called spin- 
glass phase [Fig. || (a)]. Then, since the present spectra 
were taken above the spin-glass transition temperature, 
splitting into the two structures would be due to dynam- 
ical fluctuations of such a microscopic phase separation. 
Furthermore, the microscopic phase separation may ex- 
plain why the chemical potential is pinned against hole 
doping for x < 0.1213. However, as for the underdoped 
BSCCO, the splitting of the two components by ^ 0.5 
eV has not been reported so far and the peak at (7r,0) 
seenaa to be shifted smoothly in going from the SC to the 
AFlM. The difference might imply that the tendency to- 
ward the hole segregation is stronger in LSCO than in 
BSCCO. 
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FIG. 5. (a) Comparison between the spectra at (7r,0) and ~(7r/2,7r/2) (multiplied by 2) for La2-i:Sra;Cu04. The spectrum 
at (0,0) has been subtracted as the angle- independent background, (b) Spectra at (7r,0), normalized to the integrated intensity 
in _E > —0.9 eV, clearly demonstrating the systematic evolution with hole doping, (c) ARPES spectra for other cuprates: 
Ca2CuOCl2 (undoped) and Bi2Sr2CaCu2 08+i/ (underdoped and overdoped), shown in a similar way to (a), taken from Ref. n 
and hi], respectively. While the lineshapes at (7r,0) are similar between La2_a;Sri,Cu04 and Bi2Sr2CaCu208+y, the lineshapes 
at ~(7r/2,7r/2) are quite different. (d)(e) Doping dependence of the spectral intensity near Ep (E > —0.2 eV) at (7r,0) (O) a-nd 
at ~(7r/2,7r/2) (A), normalized to the intensity of the valence-band peak of the (7r,0) spectra at ~ —3 eV and to the integrated 
intensity in £ > —0.9 eV for (d) and (e), respectively. 
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spectra of LSCO are compared with those 
in Figs, g (a) and (c). Whereas the line- 
shapes at (tTjO) are similar between LSCO and BSCCO 
irrespective of doping levels, the spectra near (7r/2,7r/2) 
are quite different: while the peak near Ep is sharp for 
both the overdoped and underdoped BSCCO, one finds 
no well-defined feature around Ep for underdoped LSCO. 
This difference is likely to be related with the stripe 
fluctuations, which have more static tendency in LSCO 
than in BSCCO, judging from the suppression of Tc at 
S ~ 1/8. Also for the BSCCO system, it has been re- 
ported that the sharp peak near Ep is suppressed near 
(7r/2, 7r/2) upon Zn-doping, whic h . is . considered to pin 
the dynamical stripe correlationst2lE2l. The absence of 
the band crossing Ep near {it/2, 7r/2) may be reconciled 
with ijhe vertically and horizontally oriented stripes in 
LSCOlI. Intuitively, while the system may be metallic 
along the half-filled stripes, namely, in the (0, 0)-(7r, 0) or 
(0,0)-(0,7r) direction, the low-energy excitations should 
be strongly suppressed in the directions crossing all the 
stripes such as the (0, 0)-(7r, tt) direction. This conjec- 
ture was supported by a reeept numerical study of small 
clusters with charge stripescJ, and is consistent with the 
suppression of the Hall coefficient in the |Stripe-ordered 
state of Lai.6-a;Ndo.4Sra;Cu04 for x < l/gE3. 

The doping dependence of the spectral intensity near 
Ep (E > -0.2 eV) is shown in Figs. || (d) and (e) 
for two normalization methods. Note that the essen- 
tial features are independent of normalization. Our pic- 
ture of the evolution of the spectral weight is schemat- 
ically drawn in Fig. 0. In the ARPES spectra, the in- 
tensity near Ep appears at (7r,0) with hole doping for 



X ^ 0.05, where the incommensurability of the spin fluc- 
tuations also arises according to the INS studyo. On 
the other hand, the intensity near (7r/2,7r/2) remains 
suppressed with hole doping for the entire underdoped 
region (0.05 ^ x '^ 0.12). Hence, one may think that 
the segregated holes for x ^ 0.05 already start to be ar- 
ranged vertically and horizontally. Therefore we propose 
that the hole-rich boundaries of the AF domains around 
the SIT continuously evolves into the stripe correlations 
in the underdoped SC. In going from x = 0.12 to 0.15, 
the Fermi-surface crossing appears in the (0,0)-(7r,7r) di- 
rection, probably corresponding to the phenomenon thai 
the incommensurability in INS saturates for x > 0.15c3. 
This may be understood that the doped holes in excess 
of a; — 1/8 overflow the saturated stripes and that the 
two-dimensional electronic structure recovers. 

In conclusion, we have shown that the SC and AFI 
characters coexist in the ARPES spectra in the vicinity of 
the SIT for LSCO. The band crossing Ep disappears near 
{■7T/2,n/2) for the underdoped LSCO, associated with the 
formation of the dynamical stripes. The present observa- 
tions provide a new perspective of how the holes doped in 
the AFI evolve into the fluctuating stripes in the under- 
doped SC. Mechanism in which the SC to AFI tpapaition 
occurs is a subject of strong theoretical interestEJEj and 
should be addressed by further studies. 
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FIG. 6. (a) Schematic picture of the evolution of spectral 
weight with hole doping for the lower Hubbard band (LHB) 
and the band near Ef at (7r,0) and at ~ (n/2,n/2). The 
phase diagram was drawn after Refs. na and M (SG: so-called 
spin-glass phase), (b) Schematic drawing indicating that the 
spectra around the SIT {x '^ 0.05) consist of two kinds of 
electronic states derived from the SC and the AFI. 
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